The population structure of the freshwater land crab Discoplax hirtipes (Gecarcinidae) was studied on Christmas Island, Indian Ocean, to which this species is endemic in its blue colour form. Despite previous overexploitation of this crab, this is the first such study to take place for this species on Christmas Island. Surveys were conducted in the dry (non-migration) season, at Ross Hill Gardens, which is one of several permanent 'residential areas' inhabited by D. hirtipes. The sex ratio was found to be skewed in favour of males 2:1. Similarly to other gecarcinid species, male crabs were found to grow larger than females in terms of body weight, carapace width and chelae size (length and width). During the survey, few juveniles were found, which could suggest an ageing population. Despite being protected by law on Christmas Island, this is potentially worrying for a species that due to its restricted distribution continues to be especially vulnerable to outside threats, including that of aggressive invasive species and long term habitat destruction.
INTRODUCTION
The gecarcinid land crab, Discoplax hirtipes (Dana, 1852) [formerly Cardisoma hirtipes (Ng and Guinot, 2001) ], is distributed throughout the islands of the tropical Indo-West Pacific from the Andaman and Nicobar Islands eastward (Turkay, 1974; Hartnoll, 1988a; Adamczewska and Morris, 1996) including on the Australian Territory of Christmas Island, Indian Ocean (10u289S, 105u389E). Christmas Island is the only part of the species' range where the blue variant is found; throughout the rest of the Indo-Pacific the crab has a bluish-brown carapace and reddish-brown pereiopods (Ng et al., 2000 (Ng et al., , 2001 . Recently it has been suggested that the blue variant of D. hirtipes on Christmas Island could in fact be a separate species, further taxonomic work is now needed to confirm this (Ng et al., 2010) .
Of the known species of Discoplax, D. hirtipes has the most association with freshwater upland habitats and consequently has been classified as a freshwater land crab (Greenaway, 1989) . Recent work has shown that it is the need for long term nitrogen, ion, and water balance, which drives D. hirtipes into this association with freshwater, thus limiting the local distribution of this species (Greenaway, 1989; Adamczewska and Morris, 1996; Dela-Cruz and Morris, 1997a, b; Morris and Dela-Cruz, 1998; Morris, 2005) . Established populations of D. hirtipes are therefore found at only a few places on the island: the area around the Dales streams in the west and the springs between Waterfall Bay and the Ravine which includes Ross Hill Gardens and Dolly beach on the south east coast (Hicks et al., 1990) (Fig. 1) . Therefore, unlike other gecarcinid species on Christmas Island, D. hirtipes exhibits a marked dichotomous distribution depending on rainfall (Greenaway, 1989; Hicks et al., 1990; Adamczewska and Morris, 1996; Dela-Cruz and Morris, 1997a, b; Greenaway and Raghaven, 1998; Morris and Dela-Cruz, 1998; Morris, 2005) . In the dry season (April-October, rainfall , 50 mm per month) D. hirtipes remains restricted to areas of freshwater seepages and springs (. 1 km from and 150 m above the ocean), but like other gecarcinids D. hirtipes must return once a year to the ocean to reproduce and retains a marine larval stage (Shokita, 1971; Shokita and Shikatani, 1990) . It is only once the wet season is well established [February-March, rainfall . 300 mm per month (Gray, 1995) ], with the associated provision of an adequate supply of standing water, that these crabs can undertake their breeding migration to the ocean (Foale, 1999) .
Although, D. hirtipes on Christmas Island is much more restricted in its distribution compared to the dominant gecarcinid present on Christmas Island, Gecarcoidea natalis (Pocock, 1888) , D. hirtipes does remain locally abundant at these areas of fresh water. Discoplax hirtipes has previously been exploited for food on Christmas Island { Professor Morris died 11 August 2009 before this work was completed. This paper is dedicated to his memory. JOURNAL OF CRUSTACEAN BIOLOGY, 31(3): 450-457, 2011 (Hicks et al., 1990) . The restricted distribution pattern of this crab, however, enabled the overexploitation of D. hirtipes to be quickly apparent (Hicks et al., 1990) . As a result, the species has been included in the current legislation and is now totally protected on Christmas Island under the Australian Government's Environment Protection and Biodiversity Conservation Act (1999) . Despite the fact that some aspects of the biology of D. hirtipes have been studied in significant detail, e.g., spawning and larval development (Shokita, 1971; Shokita and Shikatani, 1990) , respiratory physiology and acid-base balance (Farrelly and Greenaway, 1992; Adamczewska and Morris, 1996; DelaCruz and Morris, 1997a; Morris and Dela-Cruz, 1998; Morris, 2005) , water and ion balance (Greenaway, 1989; Dela-Cruz and Morris, 1997b; Turner, 2010) , and diet and digestion (Greenaway and Raghaven, 1998; Linton and Greenaway, 2004; Allardyce and Linton, 2010) , little is known about growth rates and population structure of this species on Christmas Island.
It was therefore deemed pertinent to obtain baseline data on carapace width-weight relationships and morphometric features for the blue form of D. hirtipes on Christmas Island, allowing the relative growth of this species to be described. These data will contribute towards the accurate assessment of the reproductive status of the various populations of D. hirtipes on Christmas Island which will be useful in the forming of efficient conservation strategies for this crab (Akin-Oriola et al., 2005; Baine et al., 2007) .
MATERIALS AND METHODS
Intermoult D. hirtipes were hand caught from around the permanent freshwater seepages at Ross Hill Gardens, Christmas Island. A total of 200 individuals were sampled. The crabs were weighted with a spring balance (MedioLine Scale 600 g or MicroLine Scale 100 g, Pesola AG, Switzerland) to the nearest gram. Carapace width, right cheliped propodus length and right cheliped propodus width were measured with precision calipers to the nearest millimetre (Fig. 2) . After measurements were taken the crabs were marked with a non-toxic acrylic aerosol spray to avoid subsequent re-sampling and returned to the rainforest. Only complete crabs without any damaged appendages were used. Heterochely was not noted for D. hirtipes, therefore only the right cheliped propodus was measured.
Carapace width was considered the independent variable, and the allometric equation y 5 ax b (Huxley, 1950) was calculated for the carapace width vs. weight, carapace width vs. propodus length and carapace width vs. propodus width relationships for each sex and for all samples using the methods of Hartnoll (1982) .
RESULTS
A total of 200 individuals of D. hirtipes were captured and measured from Ross Hill Gardens. For each crab, carapace width (CW), right cheliped propodus length (PL), right cheliped propodus width (PW), along with crab weight was recorded (Table 1 ). There were significantly more males than females present (X 2 5 19.22, P , 0.001) (ratio of males to females was 1.9:1 (approximately 2:1)) ( Table 1) . Males were heavier than females (P 5 0.008, Student's t test) with total weight ranging between 10 and 520 g for males and between 75 and 350 g for females. Carapace width varied between 44 and 96 mm for females and between 21 and 161 mm for males, although this difference was not significant (P 5 0.141, Student's t test) (Fig. 3) .
The weight vs. carapace width regressions plotted for male and female D. hirtipes indicated positive allometric growth (P , 0.001, Student's t test (Table 2 , Fig. 4) ). Despite males growing larger in terms of weight when compared to females, the rate of growth appeared to be greater for females (Table 2 ). Positive allometric growth was also recorded for males in terms of both propodus width vs. carapace width (P , 0.001, Student's t test) and propodus length vs. carapace width (P , 0.001, Student's t test), however for females negative allometric growth was recorded for both these parameters ( P , 0.001, Student's t test) ( Table 2 ).
DISCUSSION
Knowledge of patterns of growth and maturation size is important for understanding population and reproductive biology in crustaceans (Adiyodi, 1988) . Due to the loss of the hard exoskeleton at every moult, crustacean growth is discontinuous making the study of absolute growth exceptionally difficult. However, relative growth, that being the differential growth of various parts of the body, is able to be accurately studied (reviewed by Hartnoll, 1982 Hartnoll, , 1988b Hartnoll, , 2001 . A large number of brachyurans, including several gecarcinid species [Cardisoma guanhumi Latreille, 1825 (cf. Gifford, 1962 Herreid, 1967) , Cardisoma carnifex (Herbst, 1796) (cf. Alexander, 1976; Vannini et al., 2003) , Gecarcinus lateralis (Freminville, 1835) (Bliss Table 1 . Carapace width, weight, propodus length and propodus width characteristics (mean 6 SEM, minimum and maximum) for the D. hirtipes population from Ross Hill Gardens, Christmas Island. In recent years, the value of this information for gecarcinid catchery management has been recognised, i.e., as an efficient and inexpensive strategy for the regular assessment of fishery stocks, thus ensuring future sustainability (Foale, 1999; Akin-Oriola et al., 2005; Baine et al., 2007) . In light of the fact that it is increasingly likely that the blue form of D. hirtipes from Christmas Island will be elevated to species status, the information obtained from this study will prove invaluable for the formation of a specific conservation strategy for the management of this crab on Christmas Island.
Sex Ratio
The ratio of male to female D. hirtipes at Ross Hill Gardens was approximately 2:1. Crabs were only sampled, in the current study, outside of the breeding season at Ross Hill Gardens, which is one of the few places that D. hirtipes are found on Christmas Island. In terms of population biology, Ross Hill Gardens could therefore be described as a 'residential' area for this species (Hartnoll et al., 2009) . Most other residential populations of land crabs that have been previously examined contain broadly equal numbers of males and females or a larger number of females compared to males. However, a surplus of males in residential areas has also been recorded for some other gecarcinid species, C. armatum (Oyenekan, 1995) and E. notatus (Liu and Jeng, 2005) and has also been observed for G. natalis on Christmas Island (S. Morris, personal communication) , whilst other studies have recorded an excess of females in residential areas outside of the breeding migration, e.g., G. ruricola (Hartnoll et al., 2006a) and C. armatum (Akin-Oriola et al., 2005) . The results of the current study suggest that the 'normal condition' of the D. hirtipes population at Ross Hill Gardens is to have an excess of males. In other land crab populations the effects of harvesting (Hartnoll et al., 2006a) and/or sampling error have been cited as significant factors (de Rivera, 2003; Johnson, 2003) nately there have been no previous studies of the population structure of these crabs on the island and therefore baseline data is lacking. Therefore, whilst the higher male to female ratio of D. hirtipes at Ross Hill Gardens could be a long lasting effect of harvesting, alternatively it could be the norm for this species. Factors such as high female mortality during the migration have been previously suggested as reasons for a male skewed sex ratio in other gecarcinid species (Hartnoll et al., 2009) . Therefore, to further investigate sex ratio in D. hirtipes on Christmas Island a further study should now also be made at Ross Hill Gardens as well as at the other known residential areas inhabited by this species, both outside of the breeding season and during the breeding migration of both resident and migrating crabs. Previous studies have sampled land crabs to examine sex ratio at different stages of the seaward breeding migration (Hartnoll et al., 2006a; Hartnoll et al., 2006b; Hartnoll et al., 2007; Hartnoll et al., 2009 ). This has revealed that sex ratio of the resident population at this time can favour males, e.g., J. lagostoma (Hartnoll et al., 2006b; Hartnoll et al., 2009; Hartnoll et al., 2010) . The sex ratio of crabs during the migration is variable; it can be skewed towards males at the beginning, e.g., G. ruricola (Hartnoll et al., 2007) , G. natalis (Hicks, 1985) , and D. hirtipes (Foale, 1999) , but be close to unity during the migration itself, e.g., J. lagostoma (Hartnoll et al., 2009; Hartnoll et al., 2010) , and later be dominated by females, e.g., G. natalis (Hicks, 1985) , especially at the shoreline, e.g., J. lagostoma (Hartnoll et al., 2006b; Hartnoll et al., 2009; Hartnoll et al., 2010) . This change in sex ratio during the migration period has been explained in J. lagostoma by the fact that a greater proportion of females compared to males migrate (or participate in the migration for longer periods) and that as expected a greater proportion of females reach the shoreline to deposit their fertilised eggs into the ocean (Hartnoll et al., 2009 ).
Size Distribution
For the population of D. hirtipes at Ross Hill Gardens, males reach a larger maximum size than females, and grew larger than females, in terms of both weight and carapace width (Tables 1 and 2 ). This is a widespread phenomenon in Gecarcinidae and has been recorded in all species examined to date. The slower growth rate of female crabs is attributed to the greater amount of energy invested in the reproductive process at the expense of growth by females (Hartnoll, 1982; Hartnoll, 1988b) . Furthermore, in the case of land crabs, females invest greater resources on reproduction than males, by way of the fact that they play a greater part in the seaward breeding migration, thus exposing them to greater risks. For instance they may fall off the rock face, e.g., G. natalis and D. hirtipes (Hicks et al., 1990) , or get attacked by carnivorous grapsids, e.g., G. lalandii (Liu and Jeng, 2007) whilst making their way to or from the ocean in which they deposit their fertilised eggs. Thus, these factors all can contribute to a reduced female life span and therefore potentially limit observed female size (Hartnoll et al., 2009) .
The relative growth of the chelae (propodus length and width) in D. hirtipes also conforms to the general pattern seen in crabs and land crabs (Hartnoll, 1982; Hartnoll, 1988b) , with males having larger chelae than females. Again, this has been recorded in all land crab species previously examined. The greater size of the male chelae has been attributed to their use as secondary sexual organs in territory defence, combat, courtship and copulation (Gifford, 1962; Herreid, 1967) . Male D. hirtipes are no exception and have been recorded utilising their chelae whilst engaging in sexual behaviours, including burrow defence, courtship battles and mating (Hicks et al., 1990; Foale, 1999) . Heterochely was not noted for D. hirtipes, therefore only the right cheliped propodus was measured in this study. This appears to set D. hirtipes apart from most species of Cardisoma and Discoplax previously examined as both these genera are notably heterochelic.
Relatively few juveniles (, 50 mm carapace width) were captured and measured for this study (8.5% of total population), despite known juvenile habitats (under rocks in the stream bed, under rocks and logs) being included in the capture protocol (Hicks et al., 1990) . Other island dwelling land crab populations have had even lower numbers of juveniles recorded, e.g., J. lagostoma (Hartnoll et al., 2009) . At Ross Hill Gardens, it is possible that juveniles are indeed scarce, which could indicate an ageing population and is worrying in terms of the long term future of the Ross Hill Gardens D. hirtipes population. Furthermore, it is known that a good recruitment year or 'return' often only happens once every five to ten years for the rather more numerous Christmas Island crab, G. natalis (Gibson-Hill, 1947; Hicks, 1985; Beeton et al., 2009) . Although the exact reasons for this remain unknown, factors such as the current patterns in the ocean around the island (Hicks, 1985) , predation of large numbers of G. natalis larvae by the whale shark Rhincodon typus (Smith, 1828) (Meekan et al., 2009 ) and the 'crazy ant', Anoplolepis gracilipes (Smith, 1857) predation on both adult and juvenile G. natalis (O'Dowd et al., 2003; Meekan et al., 2009 ) have all been implicated in this 'low' recruitment rate. However, irregular recruitment rates have also been reported for other gecarcinids, e.g., G. ruricola (Hartnoll and Clark, 2006) and J. lagostoma (Hartnoll et al., 2006b; Hartnoll et al., 2009) , and therefore appears to be a universal challenge for these island dwelling land crab species. It is possible that similar factors influence the recruitment of D. hirtipes, although there have been no studies to date examining this on Christmas Island. Compared to G. natalis, the numbers of D. hirtipes on Christmas Island are far fewer and they live in areas that are far more inaccessible, consequently the breeding migration of this species on Christmas Island has only been described relatively recently (Hicks et al., 1990) . After approximately 30 days at sea, the D. hirtipes megalopae return to land, but as freshwater land crabs are only able to migrate up the freshwater streams to their adult habitat, thus possibly confounding these recruitment constraints (Hicks et al., 1990) . However, it has also been reported that some juvenile land crabs, including C. carnifex (Vannini et al., 2003) and D. hirtipes (Hicks et al., 1990) live in and around adult burrows and also build their own. Burrow excavations were not carried out during the sampling conducted for this study to avoid unnecessary destruction of the environment. Land crab burrows are known to be semi-permanent structures, remaining for at least five years (Green, 2004a) and provide a unique microhabitat for the crab, being humid and thermally stable and thus integral in the maintenance of homeostasis in these animals (Greenaway, 1989; Pinder and Smits, 1993; Vannini et al., 2003; Berti et al., 2008) . These burrows have been identified as important for local soil nutrientenrichment and the propagation of plant seedlings due to the fact that land crabs deposit leaves and seeds around burrow entrances (O'Dowd and Lake, 1989) . Due to the fact that burrow excavations were not carried out during the sampling conducted for this study, it is possible that some juveniles went undetected, thus skewing the data in favour of adults.
With a maximum carapace width of 161 mm (Table 1) , the data presented in the current study suggest that D. hirtipes is the largest member of the genus and is as large as, or larger than many other gecarcinid land crab species (see Hartnoll et al., 2006b ) for a discussion and references). The other members of this genus, e.g., Discoplax longipes A. Milne-Edwards, 1867 and Discoplax rotunda (Quoy and Gaimard, 1824) , have much smaller maximum carapace widths of 60 and 75 mm respectively (Ng, 1998) . The fourth and final member of this genus is Discoplax gracilipes Ng and Guinot, 2001 , which has been recently described from a number of holotypes, has a maximum recorded carapace width of 57.2 mm (Ng and Guinot, 2001) . For most land crab species, not having access to water for post-moult expansion is a major constraint on growth (Hartnoll, 1988b; Green, 2004b) . Most large land crab species, e.g., Cardisoma spp., live in the supra-tidal area and avoid this problem by digging burrows down to the water table, thus allowing a larger moult increment to be obtained and for a larger size to be reached (Hartnoll et al., 2009) . Discoplax hirtipes is a freshwater land crab and therefore lives and builds burrows in a very wet environment which possibly can contribute towards explaining the very large size of this species.
Size at Maturity
Due to the non-invasive sampling methods used for this study it was not possible to obtain accurate estimates regarding the size at which D. hirtipes become sexually mature. Future studies should include dissection of male and female crabs to establish the minimum size of crabs with mature reproductive organs, and for females the size when eggs are produced. Surveys at different times of the year should also enable the identification of the minimum size of crabs that actively participate in the breeding migration of D. hirtipes. The data for size at sexual maturity of gecarcinids is somewhat scarce and a range of methods have been previously utilised. For G. natalis (Hicks, 1985) , G. ruricola (Hartnoll et al., 2007) , and J. lagostoma (Hartnoll et al., 2010) size at sexual maturity was estimated to be 50% maximum carapace width for both sexes based on the minimum size of crabs with mature reproductive organs and/or which participated in the migration, and for females which produced eggs; for other gecarcinids size at sexual maturity was also estimated to be approximately 50% maximum carapace width for females based on pleon size and the smallest size of the ovigerous females, e.g., G. lalandii (Liu and Jeng, 2007) and E. notatus (Liu and Jeng, 2005) . For G. lateralis (Bliss et al., 1978) and C. guanhumi (Gifford, 1962; Herreid, 1967) sexual maturity was also estimated to be in a range approximately equivalent to 50% maximum carapace width [33 mm (Bliss et al., 1978) based on a maximum carapace width of , 60-66 mm (Britton et al., 1982) ]. These authors used the change in slope of the regression analysis of, for example, pleon width vs. carapace width (Bliss et al., 1978) to identify the onset of sexual maturity. Thus it appears that sexual maturity seems to occur at approximately 50% maximum carapace width in a number of gecarcinid land crabs.
The condition factor is considered indicative of the state of overall wellbeing of the crab and can be used to determine the reproductive fitness of a species (Atar and Secer, 2003; Akin-Oriola et al., 2005; Ewa-Oboho and Abby-Kalio, 2006; Omolara and Barakat, 2009; Pinheiro and Fiscarelli, 2009 ). It would be useful to measure the condition factor for males and females for D. hirtipes throughout the year to investigate any changes that could be correlated with the reproductive cycle such as gonad maturation (Pinheiro and Fiscarelli, 2009) .
It is likely that the blue colour form of D. hirtipes found on Christmas Island is a unique species and therefore it is important that this island endemic is protected. Due to its reliance on freshwater, the species has a restricted distribution on Christmas Island, and whilst it is not considered rare, it is only locally abundant at a few locations. A conservation strategy will need to be formulated, taking into account the fact that Christmas Island D. hirtipes is likely to have its own conservation needs compared to the more widely Indo Pacific distributed D. hirtipes. For instance, D. hirtipes in the Solomon Islands is recorded from coastal lowland areas (Foale, 1999) , a habitat very different to where the species resides, many meters above and . 1 km from the ocean on Christmas Island.
Discoplax hirtipes on Christmas Island is officially protected under the Australian Government's Environment Protection and Biodiversity Conservation Act (1999) as a consequence of previous over exploitation. Furthermore, two of the wetland areas that support D. hirtipes on Christmas Island (the Dales and Hosnie's springs) have been listed as wetlands of International significance under the Ramsar Convention (Navid, 1984) , which further highlights the fact that it is not sufficient to only protect a single species; instead the entire ecosystem should be conserved. It has previously been demonstrated that due to the restricted distribution of D. hirtipes on Christmas Island, the species is especially vulnerable to outside threats. Gibson-Hill (1947) notes that the diversion to storage tanks of one of the seaward bound streams that previously supported a large number of D. hirtipes on Christmas Island resulted in the devastation of that particular population. This highlights the fact that managing the island's freshwater supply is critical for the long term future of this species. At present there is no environmental framework in place for the monitoring of the use of groundwater for human consumption. It is therefore unclear what impact the current water use regime is having on the Christmas Island ecosystem (Barrett, 2001) .
It is hoped that the data presented here can contribute towards the accurate assessment of the reproductive status of the various populations of D. hirtipes on Christmas Island which will be useful in the forming of future conservation management plans for this crab (Akin-Oriola et al., 2005; Baine et al., 2007) . However, further investigations are required, including at different times of the year and reproductive cycle, including during the migration and from the different D. hirtipes populations on Christmas Island to achieve this.
